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A B S T R A C T
The interactions between multi-walled carbon nanotubes and diﬀerent amounts of an ionic liquid (IL), as well as
the interactions between this system (used as electrochemical sensor) and acetaminophen (ACOP), were in-
vestigated through both experimental and theoretical methodologies. Experiments indicated that there is an
optimal concentration of ionic liquid for ACOP detection. A host of techniques and model systems were em-
ployed to investigate the adsorption and oxidation processes. To investigate the source of the increased elec-
trochemical current in the presence of an IL, we computed the adsorption energy values of ACOP in the nanotube
– IL system via Monte Carlo simulations and Density Functional Theory (DFT). DFT allowed us to explore the
changes in adsorption energy due to oxidation. Our theoretical results support the experimental ﬁndings that
moderate amounts of IL modulates ACOP/ACOP+ adsorption, pointing to a cooperative eﬀect that tends to wane
with increasing amounts of IL pairs. We observed that the IL favors desorption of the oxidized species and
facilitates charge transfer from the ACOP to the nanotube. Therefore, our studies point towards multifactorial
eﬀects with clear physical basis that modulates binding leading to an optimal ratio to promote ACOP detection.
1. Introduction
Carbon-based materials such as graphite [1–4], graphene [5–12]
and carbon nanotubes [8,12,13] have been widely used as electrodes
for electrochemical sensing. These materials present such advantages as
high electroactive areas, high electrical conductivities, high reactivity
and chemical stability [14]. Furthermore, the materials’ properties can
be improved by functionalization with diﬀerent materials, such as
metallic nanoparticles [13], surfactants [15] and diﬀerent types of
polymers [16]. However, ionic liquids [17] present unique character-
istics such as high boiling points and conductivities. In combination
carbon nanotubes and IL may be suitable materials in the development
of detectors for diﬀerent compounds as they can have synergistic eﬀects
such as hydrophobic interactions, π-π bonds, electrostatic interactions,
and hydrogen bonds [18].
In fact, the interactions among these carbon structures and ionic
liquids have been extensively studied by diﬀerent experimental
[19–21] and computational methodologies [22–26]. García et al. [27]
studied the interaction between ionic liquids, nanotubes and graphene
sheets via molecular dynamics and quantum calculations, and analyzed
both adsorption and conﬁnement phenomena. The molecular dynamics
results showed a strongly structured ﬂuid characterized by anion-cation
hydrogen bonding, and especially by anion-anion hydrogen bonding.
Quantum calculations showed that the interaction between IL and
carbon nanostructures had no dramatic eﬀect on the electronic struc-
ture of the graphene or carbon nanotube, and van der Waals interac-
tions were the driving force for the adsorption on the surface. Alarcón
et al. [28] investigated the structure and orientation of water molecules
at model hydrophobic surfaces. Graphene sheets, carbon nanotubes and
fullerenes with diﬀerent radii were modeled to consider the role of
curvature of the carbon structures in their hydration process. For the
graphene sheet and the larger radii nanotubes, the water molecules
closer to the surface were found to be more structured and oriented
than the bulk, while for nanotubes and fullerenes with sub-nanometric
diameters, this structuring and orientation is quickly lost because of the
geometrical constraints imposed by the surface.
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Previously, we proposed a sensor composed of multi-walled nano-
tubes dispersed in polyethylenimine for the electrochemical detection
of a popular pharmaceutical drug used worldwide: acetaminophen
(ACOP) or paracetamol [28]. In addition to establishing an analytical
tool for drug detection, we showed that π–π interactions drive the de-
tection of ACOP by nanotubes.
In this study, we employed experimental techniques to evaluate the
inﬂuence of diﬀerent amounts of ionic liquid on the electrochemical
detection of ACOP. Theoretical model calculations are used to provide
an atomistic description of the observed phenomena and to oﬀer pos-
sible explanations to the marked changes in current observed.
2. Methodology
2.1. Experimental materials and procedures
Acetaminophen (ACOP), 1-Butyl-3-methylimidazolium hexa-
ﬂuorophosphate ([BMIM]+ [PF6]−), Naﬁon® (10 wt% in H2O), and
multi-walled carbon nanotubes powder (MWCNT, 6–9 nm diameter, 5
microns length) were acquired from Sigma Aldrich. The BR buﬀer so-
lution was made up of phosphoric acid, boric acid, and acetic acid, and
the pH value was adjusted with NaOH. All reagents used in this study
were analytical grade. All the solutions were prepared with water
puriﬁed by a Milli Q System (Millipore Corp.). The ACOP standard
solution was prepared by dissolving an appropriate quantity of ACOP in
ultrapure water. This solution was later stored in a dark ﬂask and kept
in a refrigerator to prevent degradation.
Electrochemical measurements were performed on an Autolab
PGSTAT 101 Metrohn- Eco Chemie controlled by a personal computer,
using Nova version 1.11.2 software. A conventional three-electrode
system, which was composed of a bare or modiﬁed glassy carbon
electrode (GCE) (BASi, 3 mm diameter) as the working electrode, a Pt
sheet as the auxiliary electrode and an Ag(s)/AgCl(s)/Cl− (aq) (saturated
KCl) as the reference electrode. When it was necessary, a Microanal
B474 pH meter equipped with a 3.0mol L−1 Ag/AgCl/Cl− glass com-
bined electrode was used to adjust the pH values by adding appropriate
amounts of 1.0 mol L−1NaOH stock solution. The electrodes were
cleaned in a Quimis model Q335D ultrasonic cleaner equipped with a
heating bath.
GCE was polished with diamond paste to a grain size 3 μm, washed
with ultrapure water, immersed in ethanol and placed in an ultrasound
bath for 5min. This immersion/sonication procedure was repeated with
puriﬁed water. Finally, the surface of the GCE was dried with a stream
of N2 gas.
The MWCNTs were functionalized by acid treatment with con-
centrated sulfuric acid and nitric acid (3:1 v/v) [29,30]. This mixture
was moderately stirred with a magnetic stir bar for 12 h at 26 ± 1 °C.
Next, the suspension was vacuum ﬁltered, washed several times with
ultrapure water until a pH of 7.0 was achieved, and dried at 70 °C for
12 h. This strong acid treatment promotes the generation of functional
groups such as carboxyl, hydroxyl, quinone, nitro, and amino groups,
on the surface of the MWCNTs [31,32]. The functionalized multi-walled
carbon nanotubes are represented along this text by f-MWCNT. The f-
MWCNT – IL was obtained by mixing diﬀerent amounts of f-MWCNTs
and IL in weight with 0.5% w/w of Naﬁon®.in dimethylformamide.
Several ratios of f-MWCNTs and IL were evaluated, including 1.0:0.0;
1.0:1.0; 1.0:2.0; 1.0:5.0; 1.0:10.0; 1.0:20.0 and 0.0:1.0 (w/w).
To prepare the modiﬁed GC electrode a drop (1.5 μL) of the re-
sulting dispersion was cast onto the GCE surface using a 5 μl syringe to
prepare the IL/f-MWCNTs/GC electrode. The electrode was then dried
at approximately 60 °C for 15min in an oven lamp, which was made in
the laboratory. When not in use the modiﬁed electrode was stored in a
desiccator at room temperature.
An electrochemical cell containing 10.0 ml of supporting electrolyte
was used for the electrochemical experiments. Between each experi-
ment, the solution was stirred using a stirrer for three minutes, to
ensure the reproducibility across all experiments. Square wave vol-
tammetry (SWV) was used to assess the electrooxidation of the ACOP
excluding any adsorption by the modiﬁed electrode. SWV was the
electrochemical technique performed to detect and quantify the ACOP
[33].
2.2. Computational details
Molecular dynamics simulations of paracetamol (ACOP) in water
and in [BMIM]+ [PF6]− were performed using the Gromacs package
[34], which was intended to investigate the role of speciﬁc inter-
molecular interactions with diﬀerent solvents. The simulation of ACOP
in water was performed with parameters based on an OPLS-AA force
ﬁeld [34], in the isothermal-isobaric ensemble with standard conditions
for temperature and pressure (T=298 K and P=1 atm). The system
was formed by one ACOP molecule immersed in 883 water molecules
inside a cubic box, with periodic boundary conditions and minimum
image convention [35,36]. The SPC model (simple point charge) [36]
was used for water, and the system was submitted to Parrinello-Rahman
[36] coupling for temperature and pressure [37,38]. A cut-oﬀ of 1.2 nm
was used for coulombic and van der Waals interactions. Partial charges
of ACOP were derived from the ChelpG method [38] obtained with
Gaussian 09 software [39], using a B3LYP/6-311 G(d) functional and
basis set, respectively. The system was ﬁrst equilibrated for 50 ns. The
thermodynamic properties were calculated after a production phase of
100 ns with a time-step of 2 fs and data collection was undertaken every
0.01 ps. For the ACOP – ionic liquid system, ACOP was immersed in a
cubic box with 500 ion pairs. The simulation was carried out in the
isothermal-isobaric ensemble (NPT), where the pressure (P= 1 atm)
and the temperature (T=298 K) were kept constant by using the
Parrinello-Rahman [44] and velocity rescaling [40] schemes. The
parameters for the ionic liquid, based on the OPLS-AA force ﬁeld, were
developed by Canongia Lopes and coworkers [41]. Atomic partial
charges for [BMIM]+ were derived from the electrostatic potential by
using the ChelpG method [38]. Periodic boundary conditions and the
minimum image convention were applied [35,36]. A cut-oﬀ of 1.2 nm
was applied to van der Waals interactions, whereas the electrostatic
interactions were treated by the Particle Mesh Ewald method [36,42].
The computational system was ﬁrst equilibrated for 50 ns. The ther-
modynamic properties were calculated after a production phase of
100 ns with a time-step of 2 fs and data collection every 0.01 ps.
Monte Carlo simulations using the Adsorption Locator module of the
Materials Studio software [42] were performed to study the adsorption
of the ion pairs to a modeled nanotube. The ion pair conﬁguration was
obtained from the previous molecular dynamics (MD) simulation, and
the nanotube was modeled as a 5-walled carbon nanotube functiona-
lized with carboxylic acid on both the external and internal surfaces (f-
MWCNT), with an external diameter of 72 nm and length of 42 nm.
Geometry optimization and vibrational frequency calculations were
performed using Density functional Theory (DFT) methods as im-
plemented in the Gaussian 09 [39] and Orca 3.0.3 software packages
[43] for paracetamol (ACOP), its oxidized form (ACOP+) and the IL ion
pair [BMIM]+ [PF6]−. DFT was also used to investigate the adsorption
of the same species in a large poly aromatic hydrocarbon (PAH) model
of the nanotube's surface consisting of 57 carbon and 19 hydrogen
capping atoms. This system has been used in all DFT calculations were
nanotube adsorption energies were modeled and is referred to simply as
graphene model. For the DFT studies, we used the BLYP functional with
D3 empirical dispersion corrections and a 6–311 G(d) [43] basis set. For
the cases were ACOP and ACOP+1 molecules were adsorbed onto a
graphene – IL set, the atomic positions of graphene – IL were kept ﬁxed
in their optimized positions. This methodology was previously tested by
the group to investigate π-stacking [44].
3. Results and discussion
3.1. Experimental: eﬀect of the ratio of f-MWCNTs and IL
The concentration of IL in the dispersion of f-MWCNTs was explored
using the SWV technique for ACOP sensing with diﬀerent ratios of GCE/
f-MWCNT-IL. The voltammograms were obtained with f=100 s−1 ,
a=50mV and ΔEs=2mV using a 0.04mol L−1 BR buﬀer at pH 5.0 in
the presence of 1.19× 10−5 mol L−1 ACOP. As shown in Fig. 1, the
oxidation peak current of ACOP is very low when there are no f-
MWCNTs. For a ﬁxed concentration of f-MWCNTs (1mgmL–1) and
diﬀerent concentrations of IL (0.0–20mgmL–1) the oxidation current
dramatically changes, reaching its maximum between a ratio of 1:5 and
1:20.
To evaluate whether the diﬀusion or the adsorption were the rate-
determining step for the electrooxidation mechanism of the ACOP, the
scan rate (ν) was studied (Fig. 2). The relationship between the anodic
(Ipa) and cathodic (Ipc) peak currents were found to be linearly de-
pendent on the value of v (Fig. 2B). The regression equations obtained
for 10 points are
Ipa (A)= 2.06× 10−7 (± 1.09×10−8) + 1.27× 10−8
(± 3.06×10−10)v (mV s−1); R= 0.9942 (1)
Ipc (A)= 3.92×10−8 (± 2.02×10−9) − 6.98× 10−9
(± 5.65×10−11)v (mV s−1); R= 0.9994 (2)
Because a linear correlation was obtained between the peak current
and the scan rate, we conclude that the redox process is controlled by
adsorption rather than the diﬀusion of ACOP on the electrode surface.
This result is in agreement with previous literature reports [45–49].
3.2. Computational results
Using the Adsorption Locator module in the Materials Studio soft-
ware, we have studied the adsorption of diﬀerent amounts of ion liquid
pairs ([BMIM]+[PF6]−) to a functionalized nanotube (f-MWCNT). The
adsorption energy (Eads) becomes more negative, and exhibits a linear
behavior as the number of ion pairs increases (Fig. 3A). However, when
the Eads values are divided by the quantity of ion pairs being adsorbed,
we observed a plateau after 20 ion pairs (Fig. 3B – the insert shows the
region where Eads increases almost linearly).
We have also performed Monte Carlo simulations for the adsorption
of one ACOP molecule on a substrate (f-MWCNT + x IL) using distinct
amounts of pre adsorbed ion pairs, with x = 0, 2, 10, 20, 50, 100 and
110 (x being number of IL ion pairs; results are shown in Fig. 4). We
analyzed the mean value of Eads by considering the 10 most stable
conﬁgurations from our simulation results. Comparing the results for
Figs. 3 and 4, one notes that the adsorption energy values are similar
(−193 vs.−190 kcal.mol−1) for ACOP and the initial pairs of IL. For IL
pairs, however, adsorption energy quickly decreases reaching a plateau
after about 20 pairs. The behavior for ACOP Eads is distinct: the increase
of pre adsorbed IL pair number has little eﬀect on the ACOP Eads, re-
sulting in a nearly constant value after about coverage of 20 IL pairs.
Experimentally, we observed that the oxidation process is controlled by
adsorption, and, the oxidation peak current increases quickly up to
ratio w/w of 1:20 f-MWCNT:IL, after which it levels up and decreases.
The picture that emerges from these results is that IL nanotube
coverage seems to be more favorable for smaller amount of IL, and that
partial small coverage is followed by an experimental increase in cur-
rent. Interestingly, ACOP adsorption energy does not seem to be much
aﬀected by the increase in IL pairs (pre adsorbed), except in the range
were about 1–20 IL pairs were considered. In this range, a small de-
crease in Eads is observed for 2 and 10 adsorbed pairs, and, for 20 IL
pairs, one observes the largest standard deviations from mean values.
So, to evaluate speciﬁc interactions among the components of this
complex system we have carried out simulations using molecular dy-
namics and quantum mechanical methods using distinct smaller model
systems.
Molecular Dynamics simulations were employed to investigate the
fundamental interactions between ACOP and the reaction media. We
have compared the coulombic interaction term (Ucoul) and the van der
Waals interaction term (ULJ) for ACOP in water to ACOP in ionic liquid.
Fig. 1. Values of the oxidation peak current for ACOP (1.19× 10−5 mol L−1 in
a Britton–Robinson buﬀer at pH=5.0, f=100 s−1 , a=50mV and
ΔEs=2mV) with the f-MWCNT – IL /GCE with diﬀerent ratios (w/w) of f-
MWCNT and IL. Error bars are the standard deviation after three replicates.
Fig. 2. (A) Cyclic voltammograms of a 1.19×10−5 mol L−1 ACOP in BR buﬀer
at pH 5.0 on the f-MWCNT – IL /GCE (1:5) obtained with diﬀerent scan rates
(5–700mV s−1). The insert shows scan rates from 5 to 100mV s−1 . (B) Anodic
and cathodic peak current versus scan rate. Error bars are the standard devia-
tion of three replicates.
The results presented in Table 1 show that the interactions between
water-ACOP and ionic liquid-ACOP are both attractive; coulombic in-
teractions are prevalent for the water-ACOP interaction, while the van
der Waals terms (Lennard Jones) are more signiﬁcant in ionic liquid.
The radial distribution function (RDF) and an example of mean
interactions in solvent (Figs. SM1 and SM2 in Supplementary material),
show that these interactions are due to hydrogen bonds formed between
the ACOP molecule and water. In IL, there is an attractive coulombic
interaction between ACOP and the anion [PF6]−, whether the π-
interaction between ACOP and [BMIM]+ increases the value of ULJ.
From these calculations, we can deduce that the ACOP-water interac-
tion is preferred to ACOP-IL. Therefore, if the nanotube surface is
completely covered by IL, ACOP concentration would be higher in
aqueous solution.
To further investigate the adsorption/desorption energetics and to
gain insight into the enhancement mechanism allowed by the IL, we
have carried out simulations using quantum mechanical methods.
While we have focused our initial theoretical investigation on the ad-
sorption behavior of neutral ACOP, the desorption of the oxidized
species may also have a determining impact on the measured peak
current. To investigate the interaction between the nanotube, ionic li-
quid and the ACOP in diﬀerent oxidized states, we have performed a set
of quantum mechanical calculations using Density Functional Theory,
the BLYP-D3 functional and 6–311 G(d) basis set. The previously de-
scribed graphene small model has been used throughout all quantum
calculations.
Four systems were considered: the ACOP/graphene model and the
ACOP/IL/graphene model in their neutral and oxidized forms. We have
observed from our Monte Carlo simulations that the adsorption of
ACOP to the nanotube surface occurs preferentially in the proximity of
an IL pair. Therefore, only conﬁgurations with ACOP next to an IL pair
were considered for the DFT investigation. A stepwise procedure was
used to reach the ACOP/LI/graphene model ﬁnal optimized geometry.
First, an initial geometry optimization of one ion pair over the graphene
model was performed. Then, the atomic positions of this system were
kept ﬁxed and an ACOP molecule (either in its neutral or charged form
– ACOP+) was added. Two distinct conﬁgurations were considered for
the ACOP/LI/graphene model system: one conﬁguration has the ACOP
molecule over the IL ion pair and the other, next to it. Adsorption en-
ergies (Eads), were calculated as the single point energy (ET) of the
whole system (graphene+ IL+ACOP or ACOP+) minus the single
point energies of graphene (EG), the ionic pair (EIL) and ACOP (or
ACOP+) (EACOP), as presented in Eq. (3):
= − − −E E E E Eads T G IL ACOP (3)
The adsorption energies (Table 2) indicated that neutral ACOP
prefers to adsorb directly over the graphene surface and next to the ion
pair (IL side), but not over it (IL up). In the absence of IL, oxidized
ACOP (ACOP+) adsorbs more strongly to graphene than neutral ACOP.
Fig. 3. (A) Adsorption energy in kcal. mol−1 for increasing amounts of ionic
liquid on f-MWCNT and (B) ratio of adsorption energy (Eads) to the number of
ionic pairs.
Fig. 4. Adsorption energy in kcal. mol−1 for ACOP on f-MWCNT-IL vs. number
of pre adsorbed IL pairs.
Table 1
Contribution of each of the energy terms obtained by molecular dynamics si-
mulations (Coulombic (UCoul) and van der Waals – Lennard Jones (ULJ)) for the
system’s water – ACOP and ionic liquid (IL) – ACOP.
ULJ (kcal.mol−1) UCoul (kcal. mol−1) Utot (kcal.mol−1)
Water – ACOP −10.354 −49.235 −59.588
Ionic liquid – ACOP −26.123 −17.829 −43.954
[BMIM]+ – ACOP −19.885 −2.557 −22.442
[PF6]− – ACOP −6.238 −15.272 −21.510
Table 2
ACOP and ACOP+ adsorption energies (Eads), ratios (γEads=Eads(ACOP+)/
Eads(ACOP)) and energy diﬀerences (ΔEads) between oxidized (ACOP+) and
neutral forms of ACOP. Results obtained using the graphene model. Results in
kcal. mol−1 .
Eads
Substrate ACOP ACOP+ γEads ΔEads
graphene −95.57 −301.15 3.15 −205.58
graphene - IL(up*) −218.70 −394.87 1.81 −176.17
graphene - IL(side*) −242.07 −69.58 0.29 172.50
* up= adsorption occurs over IL; side= adsorption occurs on the nanotube
beside one IL pair.
When IL is present, the opposite occurs: ACOP+ adsorption is more
likely to occur over the IL (IL up) than on the grapheme model (and
much more strongly than next to an IL pair). Our results indicate that
the IL role might be two-fold: by facilitating ACOP adsorption (by in-
creasing in adsorption energy) and ACOP+ desorption (by decreasing
adsorption energy) to the nanotube surface. These trends can be easily
identiﬁed by observing the large changes in the ratio γEads =EACOP+ /
EACOP and changes in adsorption energy (ΔEads) presented in Table 2.
The combined results should have an impact on the ACOP turnaround
kinetics leading to the observed current increase.
Table 3 presents the frontier molecular orbital (HOMO and LUMO)
energies for the systems studied using the graphene model, and the
changes caused by adsorption of IL, ACOP and ACOP+. Note that, as we
have studied a small graphene model, discrete electronic levels were
obtained, and the adsorption of IL has a small eﬀect on them. ACOP
adsorption also do not modify the energy of these electronic levels,
however, when oxidation occurs (ACOP+ on graphene or graphene+
IL), the whole system is aﬀected and HOMO and LUMO becomes nearly
degenerated, resulting in abrupt change in the gap. Results for the
charge transfer character of the ACOP/ACOP+ interaction using Mul-
liken are shown on Table 3. These charges indicate that graphene do-
nate negative charge to ACOP, but in the presence of IL, this is subdued.
Once oxidation occurs, the whole system is aﬀected. When adsorbed to
graphene ACOP remains negatively charged, even if the charge is 0.05
smaller. However, when adsorbed to graphene in the presence of IL,
ACOP becomes positively charged indicating that the IL favors ACOP
oxidation. Fig. 5 displays the main molecular orbitals involved in oxi-
dation process: HOMO for ACOP and LUMO for ACOP+. The orbital
amplitudes for the LUMO is strongly dependent on the presence of the
IL pair. When IL is present, LUMO shows a clear mixture of graphene
and ACOP orbitals as opposed to a graphene only LUMO for the case
without IL. Therefore, the combined data from electronic structure
calculations suggests that the IL helps drive ACOP oxidation.
4. Conclusions
Electrochemical studies on the oxidation of acetaminophen (ACOP)
promoted by modiﬁed nanotubes showed that the ionic liquid,
[BMIM]+ [PF6]− has a strong impact on the observed current used to
detect ACOP on a f-MWCNTs/GC electrode. Moreover, there is an op-
timal concentration of ionic liquid ([BMIM]+ [PF6]−) that leads to a
maximum in the oxidation rate, as measured by the current of the
process.
To characterize this phenomenon, we have performed a set of dif-
ferent complementary computational simulations. Monte Carlo studies
Table 3
Frontier molecular orbitals energy and the diﬀerence (gap) between them (in
eV) for graphene with and without IL, and with ACOP and ACOP+ adsorbed.
Molecular orbital (eV) Atomic charges
on ACOP or
ACOP+HOMO LUMO Gap
(LUMO-
HOMO)
Graphene −3.8066 −2.8119 0.9947 –
Graphene+ IL −3.9586 −2.8810 1.0777 –
ACOP on Graphene −3.7661 −2.8345 0.9316 −0.192
ACOP on (Graphene+ IL
- side)
−3.9583 −2.8898 1.0686 −0.018
ACOP+ on Graphene −6.7708 −6.2873 0.4835 −0.143
ACOP+ on
(Graphene+ IL -
side)
−6.4372 −6.4334 0.0038 0.141
Fig. 5. Molecular orbitals involved on oxidation of ACOP adsorbed on Graphene+ IL ([BMIM]+[PF6]−): HOMO for reduced and LUMO for oxidized species,
obtained with BLYP-D3/6-311 G(d). Carbon atoms in cyan, hydrogen atoms in white, oxygen atoms in red, nitrogen atoms in blue, ﬂuorine atoms in pink and
phosphorous atom in green (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
indicated that the presence of intermediary amounts of ionic liquid on
the nanotube increases the adsorption energy, and larger amount of ion
pairs furnishes almost constant adsorption energy. From these simula-
tions, we noted that the oxidation process is controlled by adsorption
and occurs on the nanotube surface, therefore it is important to have a
nanotube surface free of ionic liquid.
To clarify the role of the ionic liquid on the oxidation process, we
have performed molecular dynamics and quantum mechanics calcula-
tions. Initially, we veriﬁed the fundamental interactions between ACOP
and the ionic liquid, and ACOP with water, since ACOP is in an aqueous
solution before the adsorption. The energy terms from the molecular
dynamics calculations suggested that the coulombic interaction be-
tween the ACOP and water is prevalent, while for the ionic liquid, the
van der Waals term (Lennard Jones) is more signiﬁcant. This is due to
hydrogen bonds formed between ACOP+1, n the ACOP molecule and
the solvent. On the other hand, there is an attractive coulombic inter-
action between ACOP and the [PF6]− anion and a π-type interaction
between the ACOP and [BMIM]+, increasing the value of ULJ. This is
caused by the type of interactions among the ACOP molecule and the
solvent.
Considering a small graphene-like surface model with an adsorbed
ion pair, we have studied the adsorption of ACOP in both neutral and
oxidized states. With these calculations, we have shown that IL has a
fundamental role on the adsorption and oxidation processes: initially, it
increases the adsorption energy of the reduced species; after this, it
facilitates oxidation because it aﬀects the charge transfer between
ACOP and nanotube (it decreases LUMO-HOMO gap and allows ACOP
to be positively charged); and, ﬁnally, it reduces the adsorption energy
of ACOP+, facilitating the overall turnover and resulting in an in-
creased oxidation speed.
Therefore, the proposed sensor, constructed from the carbon na-
notubes and [BMIM]+[PF6]− at ratio between 1:5 and 1:20, may be
suitable for ACOP detection. Those ratios are selected because of the
synergistic eﬀect between nanotube surface and IL: ACOP adsorption
may occur on the nanotube surface, but oxidation and desorption
process of ACOP+ (and consequently the clearance of the area for new
adsorptions) depends on the presence of appropriate quantities of IL.
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